Cholinergic synaptic modulation in the rat visual cortex was studied using intracellular recordings from slice preparations. A cholinergic agonist, carbachol (CCh), reduced fast excitatory as well as fast and slow inhibitory postsynaptic potentials evoked by white matter stimulation. This effect was antagonized by atropine. CCh perfusion did not reduce glutamate-or ~-aminobutyric acid-induced depolarizations, suggesting the presynaptic mechanism of the suppression. CCh augmented firing over a long period after transsynaptic stimulation combined with a long depolarizing current pulse, not only due to a decrease in firing accommodation but also due to disinhibition. CCh also induced a large sustained depolarization and bursting of action potentials triggered by tetanic stimulation. These results suggest that cholinergic modulation results in a prolonged increase in neuronal excitability during the late phase of synaptic transmissions at least partly by the mechanism of decreasing inhibitory transmissions, particularly when the synaptic inputs are strongly activated.
INTRODUCTION
Acetylcholine (ACh) is considered a major neurotransmitter to modulate activities of diverse neurons in the central nervous system (CNS). Its deficiency in Alzheimer's disease suggested a modulatory role of ACh in cognition and memory (Bartus, Dean, Beer & Lippa, 1982; Coyle, Price & DeLong, 1983) . The psychopharmacological experiments in animals and humans, which showed impairments of cognitive tasks by cholinergic dysfunction, supported this idea (Drachman & Leavitt, 1974; Ridley, Bowes, Baker & Crow, 1984; Smith, 1988) . On the other hand, ACh has been shown to modulate sensory information processing in the cerebral cortex. For example, in the cat visual cortex, area 17, iontophoretically applied ACh augmented visually evoked responses in a majority of cells while in a small percentage of cells inhibitory effects were observed (Sato, Hata, Masui & Tsumoto, 1987; Sillito & Kemp, 1983) .
Following the in vivo study of Krnjevi6, Pumain and Renaud (1971) , detailed electrophysiological studies have been done on the effects of cholinergic drugs on central neurons using in vitro slice preparations of various CNS tissues from the rodents (Egan & North, 1986; McCormick & Prince, 1986a, b) . In those studies, cholinergic, in particular muscarinic, direct actions on the electrical properties of cortical neurons were demonstrated, e.g. suppression and activation of several potassium conductances, which result in a depolarization, acceleration of action potential firing, and a hyperpolarization. Muscarinic modulation of synaptic transmissions has also been studied, and the suppression of synaptic responses was reported in hippocampus (BenAri, Krnjevi~, Reinhardt & Ropert, 1981; Hounsgaard, 1978; Yamamoto & Kawai, 1967) and piriform cortex (Hasselmo & Bower, 1992; Williams & Constanti, 1988) . In the cerebral neocortex, in particular visual cortex, however, little information has been accumulated on the modulation of the synaptic transmission, although such information is essential for understanding the cholinergic control of sensory signal processing at the higher CNS. Therefore, the present study aimed at investigating the effects of carbachol (CCh), a stable cholinergic agonist, on the synaptic transmissions in the rat visual cortex using in vitro slice preparations. First, the effects on the cortical synaptic transmissions were examined on both excitatory and inhibitory synapses. Secondly, a special attention was paid on the net effects of CCh on integrated neuronal activities. For this purpose, cholinergic effects were examined on the responses to relatively strong synaptic activation of afferent synaptic inputs.
One is on the synaptic responses combined with a membrane depolarization, and the other is on the responses to high frequency transsynaptic stimulation. A part of the results has been presented in an abstract form (Murakoshi, 1990) . 25
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MATERIALS AND METHODS
Preparation of slices
Long Evans rats, housed in a normal light,lark cycle and aged between 28 and 60 days old, were deeply anaesthetized with pentobarbital (60 mg/kg, i.p., Abbott Lab.) and decapitated. After craniotomy, cerebral hemispheres were taken out and put into cold (4-6'~C) and oxygenated artificial cerebrospinal fluid (ACSF) for 1 min. Composition of the ACSF was (mM): NaC1 124, KCI 5, KH:PO4 1.25, MgSO4 2, CaC12 3, NaHCO3 26, glucose 10. A block of the brain including primary visual cortex was trimmed according to the atlas of Zilles, Wree, Schleicher and Divac (1984) . Using a tissue slicer (Oxford, Vibratome), slices of 400/~m thickness were sectioned coronally while submerged in cold and preoxygenated ACSF. Then they were transferred onto patches of filter paper (Nucleopore) which were soaked with ACSF in a plexiglass chamber (Josef Biela Eng.) under humid gas of 95% 02-5% CO2 and under constant temperature (31 + 0.5°C). After 2-3 hr for recovery, one of the slices was transferred into a recording chamber. The preparation was totally submerged in perfused ACSF using two nylon nets so that the fluid perfused both sides of the preparation. The recording chamber sat on a stage of an upright compound microscope (Zeiss), and the stage was heated by a coil in order to keep the temperature of perfusing ACSF constant (31 _ 0.5°C).
Intraeellular recording
Glass microelectrodes were filled with 3 M K-acetate with or without 2% biocytin (Sigma). When biocytin was used for the histological purpose, pH of K-acetate solution was adjusted to 7.4. Tip resistance of the microelectrodes was usually 60-130 Mfl. A bipolar stimulating electrode which was made of a pair of thin teflon-coated tungsten wires (A-M system, diameter of a metal core, 51 ~tm; interval between the centers, 150 ~t m) was placed at white matter underlying the recording site.
Signals were fed to a conventional high inputimpedance amplifier (Neurodata, IR-283). Current was injected through a bridge-balance circuit of the amplifier. Data were then sent to a desk-top computer (IBM, PC-AT) with an interface (Axon Instruments, TL-1 DMA interface) and analysed after the experiments.
Drugs
The drugs used in this study were mostly purchased from Sigma Chemicals unless otherwise stated. D(--)-2-amino-5-phosphonovaleric acid (D-APV) was from Cambridge Research Biochemicals Ltd, 6,7-dinitroquinoxaline-2,3-dione (DNQX) from Research Biochemicals Inc., and phaclofen [3-amino-2-(4-chlorophenyl) propylphosphonic acid] from Tocris Ltd. CCh (carbachol, carbamylcholine chloride), ACh, 7-aminobutyric acid (GABA), and L-glutamate were applied to the preparation by perfusion or by a pressure-puff. For pressurepuff application, CCh and ACh were dissolved with ACSF to the concentration of 30 mM, while GABA and glutamate were dissolved to 100 mM. They were loaded in a glass microelectrode with a broken tip (dia 10-20ttm). The pipette tip was located as close as possible to the recording sites under microscopic observation (within ca 50 pm). A pressure of 0.8-1.2 kg/cm: was applied to the other end of the pipette for 50-500 msec for the application of CCh and ACh, and 2-50 msec for GABA and glutamate.
RESULTS
Stable intracellular recordings were made from 104 cells which had resting potentials more negative than -55mV and action potential overshoots. A mean resting potential was -69.8 (+8.9, SEM) mV; action potential height, 81.6 (__+ 10.7) mV; an input resistance measured by a 200 msec hyperpolarization pulse, 38.7 (+ 16.1) MII. All the neurons investigated in the present study were judged as pyramidal cells because some electrical membrane properties were compatible with the criteria for the pyramidal neurons described by McCormick, Connors, Lighthall and Prince (1985) : first, relatively large values of action potential width (0.8-1.0 msec at half-height); and second, the pattern of firing accommodation of "regular spiking" neurons when long depolarizing pulses were applied. In fact, when histological examination using intracellular biocytin injection (Horikawa & Armstrong, 1988) was done in about a half of the cases, the recorded neurons were all morphologically identified as pyramidal cells.
As reported previously (Kenan-Vaknin, Malach & Segal, 1992; McCormick & Prince, 1986a) , CCh caused changes in the membrane potentials of the visual cortical neurons. When applied focally to the recording sites by a pressure-puff of short duration (100-300 msec), CCh caused a small and slow depolarization in 51 out of the 66 neurons tested, while in the remaining 15 neurons no detectable depolarizations were observed. The slow depolarization was several millivolts in amplitude which lasted for l-2min. Distribution of the responding neurons covered all the layers of the grey matter. The depolarization was a direct action since it remained after tetrodotoxin (TTX, I/tM) perfusion, in which it was accompanied by an increase in input resistance (130.0+17.6%, n=5). In the normal perfusion medium, the slow responses observed in most (41/51) neurons were accompanied by rapid fluctuations of the baseline with a reduced input resistance. They seemed to be transsynaptic responses evoked by cholinergic activation of presynaptic neurons. McCormick and Prince (1986a) described that acetylcholine elicited a barrage of excitatory postsynaptic potentials (EPSPs) and inhibitory postsynaptic potentials (IPSPs) followed by a long-lasting depolarization. As was the case of their result, these fluctuations were abolished by TTX (1 #M) and greatly reduced by glutamate antagonist or GABA blocker, i.e. kynurenate (2 raM) or bicuculline (l/~M).
CCh, when applied by perfusion, induced basically the same actions as those of puff-applied CCh; a small (2-3 mV) depolarization with voltage fluctuations on the early phase. In contrast to puff application, however, the responses were relatively small and sometimes barely detectable probably because the drug concentration increased slowly in the recording chamber.
The effects of CCh mentioned above were not observed when atropine (0.3 #M) had been administered to the preparation for 3-5min prior to the CCh application.
Cholinergic effects on the synaptic transmission
Stimulation of the white matter underlying the recording site evoked synaptic potentials composed of several components. As the first component, single shocks of 1-3 V in amplitude and 50-100 psec in duration evoked glutamatergic EPSPs which peaked at 5-10msec and decayed within 20-30 msec after the stimulus. As shown in Fig. 1 (A) , an increase in the stimulus intensity resulted in an augmentation of the EPSP amplitude and triggered action potential (AP) firing. When the membrane potential was elevated by current injection, responses to stimulation with a constant intensity also reached the AP threshold of ca -50mV [ Fig. I constant intensity was delivered while the membrane potential was altered. The polarity of the depolarizing phase following the fast EPSP on the traces at the resting and hyperpolarized membrane potentials was reversed into hyperpolarization at the depolarized membrane potentials. The relationship between the response amplitude and the membrane potential was plotted in Fig. 2(B) (open circles). In all the observations, the IPSP of the fast time-course was depolarizing from the resting potential with a reversal potential at around -59.4 mV ( + 3.9 mV, SEM, n = 8). The fast IPSP was mediated by the GABA A receptor because perfusion of the preparation with its specific antagonist, bicuculline (2 #M), abolished this IPSP. The IPSP which resulted in an elevated conductance in the normal medium [ Fig that of the fast IPSP [ Fig. 2 (B, D) solid circle] and because this response was reversibly abolished by phaclofen (0.5 mM), a specific GABA B receptor antagonist (data not shown). The slow IPSP was observed in all cortical layers. Eight out of the 15 prominent slow IPSPs were observed in the cells locating in the superficial layer (5-35% range of the grey matter thickness from the pial surface) with an average amplitude of -4.1 mV (+0.72 SEM, n = 8), two were in the middle layer cells (35-50% of the grey matter thickness from the pia, -3.35 ___ 0.49 mV, n = 2) and five were in the deep layer cells (60-80% from the pia, -4.44+ 1.71 mV, n ---5). CCh had depressant actions on all of the postsynaptic potentials, i.e. fast EPSP, fast and slow IPSPs as described below.
(1) Fast EPSP. As shown in Fig. 3(A) , when CCh was puff-applied, amplitude of the fast EPSPs were transiently suppressed to 54.0 _+ 9.6% in 6 out of 7 cases, whereas in 1 cell no change was observed.
When CCh was applied by perfusion (20-30 /~ M), in 9 out of 10 cells, amplitude of the fast EPSPs was suppressed to 51.8 _+ 22.8% (n = 9) without a noticeable increase in the membrane conductance [ Fig. 3(B) ]. The remaining one case showed no change. Depression of similar extent also occurred with perfusion of ACh (100#M) with an anti-cholinesterase, edrophonium (30 # M, n = 2). The involvement of muscarinic receptors in the cholinergic suppression was suggested by the observations that a muscarinic agonist, muscarine (10pM) had the same effect (n = 2) as CCh and that a muscarinic receptor antagonist, atropine (0.2/tM, n = 4) completely abolished the depressant action of CCh [ Fig. 3(C) ]. On the other hand, a nicotinic agonist, nicotine (10/~M, n = 2) did not affect the fast EPSP [ Fig. 3(D) ] and nicotinic antagonists dihydro-fl-erythro-idine (5 #M, n = 2) or d-tubocurarine (1/~M, n = 2) did not antagonize the depressant action of CCh.
(2) Fast IPSP. The cholinergic effects on the fast EPSP and the slow IPSP were relatively easily examined because the peaks of these PSPs were clearly observed. On the other hand, it was necessary to isolate the pure component of the fast IPSP pharmacologically since the fast IPSP did not have a distinct peak.
Stimulation close to the recording site in the grey matter directly evoked an IPSP as well as an EPSP, and a glutamate antagonist, kynurenic acid (2 mM), eliminated the EPSP but left the IPSP intact. This IPSP was depolarizing at the resting potential, and the membrane depolarization by a current injection reversed its polarity at around -60 mV as was the case of the fast IPSP triggered by white matter stimulation (see the previous section). Bicuculline (1/~M) blocked this IPSP. As shown in Fig. 4(A) , an elevated conductance caused by the IPSP evoked in the presence of the glutamatergic blocker was suppressed to 60.9 4-12.3% (n = 3) by CCh VR 35/1 B applied by perfusion. This was also shown by a decrease in the slope of the curves that plot the IPSP amplitude against the membrane potentials in Fig. 4 (3) Slow IPSP. CCh diminished the amplitude of the slow hyperpolarizing IPSPs, which showed clear hyperpolarizing peaks between 100 and 300 msec after white matter stimulation, to 60.7 + 35.0% (n = 7) of the control. Figure 5 is an example in which CCh, applied focally by a pressure puff, significantly depressed the slow IPSP, while PSPs of the early phase were reduced as well. This depressant action was antagonized by atropine (0.3 pM, n = 2).
Effects on glutamate-and G ABA-induced depolarizations
The presynaptic mechanism of muscarinic inhibition of the synaptic transmissions was suggested in cortex (Hasselmo & Bower, 1992; Williams & Constanti, 1988) as well as in hippocampus (Ben-Ari et al., 1981; Hounsgaard, 1978; Yamamoto & Kawai, 1967) and basal ganglia (Sugita, Uchimura, Jiang & North, 1991) . In order to know whether the major site of the cholinergic depression of the EPSP and the IPSPs in the present preparation was presynaptic or postsynaptic, effects of CCh were examined on the direct postsynaptic responses to glutamate and GABA, the major transmitters mediating EPSPs and IPSPs in the cortex respectively.
Application of glutamate (100 mM) by a pressure puff to the vicinity of the recording site depolarized the membrane potential by 10~15mV with a decrease in input resistance in the presence of TTX (1 p M). TTX was administered to eliminate indirect actions of glutamate, because glutamate otherwise triggered PSPs via activation of presynaptic neurons. In all the four cases tested, CCh perfusion (30 p M) did not decrease but increased the glutamate-evoked depolarizations [131 +26% of control, Fig. 6 (top)l, while the input resistance was not altered significantly (98%). The increase of the glutamate response by CCh may be due to the cholinergic potentiation of NMDA-receptor mediated responses described by Markram and Segal (1990) .
A similar approach was made to examine the effect of CCh on a GABA response. GABA, focally applied to the recorded neurons, also caused a depolarization with a conductance increase. CCh, perfused to the preparation, did not affect the depolarization evoked by GABA [ Fig. 6 (bottom), n = 3].
Muscarinic modulation of compound neuronal activity
Effects of CCh were examined on synaptic responses produced by more powerful activation of afferent inputs; one is on the responses produced by intense synaptic inputs combined with a depolarization of postsynaptic neurons, and the other is on the responses to repetitive activation of the synaptic inputs with tetanization. In the experiment shown in Fig. 7 , synaptic inputs were evoked by white matter stimulation with a relatively strong intensity during long depolarizing current pulses. Control traces in Fig. 7(A) show an example of the action of slow IPSPs which totally suppressed the AP firing during a period of ca 300 msec following a short period of excitatory synaptic responses. After an application of CCh (30 ~t M) to the preparation by perfusion, the size of fast EPSPs diminished so that AP firing was not observed on the traces of the resting membrane potential and the first two levels of depolarization. However, when the slow phase of the synaptic transmission (between ca 50~00 msec from the stimulation) particularly on the top two traces (the third and fourth levels of depolarization) were compared between Fig. 7(A) and Fig. 7(B) , slow IPSPs were so much reduced that the AP number increased dramatically after CCh application. This increase in the spike discharges could simply result from the direct action of CCh on the recorded neuron to reduce AP accommodation as described in various CNS neurons (see McCormick, 1989) . However, it does not fully explain the mechanism. In Fig. 7(D) , the number of APs was plotted against the amplitude of depolarizing currents, and curves were compared among those in the presence or absence of CCh and with or without synaptic inputs. First, in the normal solution the AP number at several depolarization levels was much smaller in the presence of the synaptic input than that without stimulation (solid vs open circles). CCh, without the synaptic transmission, increased the AP number by 2.2 times (from 5 to 11, open triangles vs open circles) at the depolarization caused by a current of 0.6 nA. On the other hand, when compared between the AP numbers under the slow synaptic input, firing was increased 11-fold (from i to 11, solid triangles vs solid circles) by CCh at the same depolarizing current level. Therefore, it was suggested that CCh increased the cell's excitability not only by its effect on firing accommodation but also by the effect to reduce the inhibitory influence of IPSPs. This effect was observed in all the eight trials tested, and the location of those cells distributed among the superficial layer (four cells in 20-30% range of the grey matter thickness from the pial surface), the middle (one cell in 50%) and the deep (three cells in 70-80%) layers. The other type of experiment which suggested the cholinergic excitatory modulation is shown in Fig. 8 . In normal perfusion medium, trains of high frequency stimuli applied to the white matter did not evoke a strong excitation in most of the cortical neurons. Figure  8 (A) shows an example of control superimposed traces of PSPs evoked by trains of stimuli given to the white matter. Each stimulus in the train triggered only one AP, and synaptic responses did not develop to large depolarizations after the end of stimulus trains. This seemed a characteristic result of powerful influence of the GABAergic inhibition in the cortex activated by strong synaptic stimulation, which may prevent the postsynaptic neurons from developing sustained depolarizations. When CCh was puff-applied once to the cell 10 sec prior to the first trace of Fig. 8(B) , the cell responded with a depolarization of 5 mV. Furthermore, the traces in Fig. 8(B) illustrate that some stimuli in the train evoked more APs and at the end of the train a larger prolonged depolarization appeared [cf. the control record in Fig. 8(A) ]. The sequence of these excitatory changes continued for about 2min, then the cell's excitability came back to the original level [ Fig. 8(C) ]. This action was observed in 12 out of 16 cases (7 out of 8 superficial layer cells, 1/2 middle and 4/6 deep layer cells).
DISCUSSION
The present study described cholinergic inhibition of the synaptic transmission in the rat visual cortex. Involvement of muscarinic receptors and a presynaptic mechanism functioning in this suppression was Relationship between the number of APs and the amplitude of depolarizing current in another set of experiments similar to that described above. Five levels of depolarization current were applied. The AP number was counted during the period of 400 msec within the depolarization pulse from immediately after the stimulation when the stimuli were given, and during the corresponding periods in the depolarization pulse when no stimuli were given. suggested. It was also shown that when a cell received strong synaptic inputs by means of a stimulus together with a depolarizing current injection to the recorded cell or of tetanic stimulation of the presynaptic fibres, carbachol caused the cell to fire vigorously or to produce large and prolonged depolarizations.
Muscarinic suppression of cortical synaptic transmissions
Muscarinic suppression of synaptic transmissions has been presented electrophysiologically in some CNS areas such as hippocampus (Ben-Ari et al., 1981; Hounsgaard, 1978; Valentino & Dingledine, 1981; Yamamoto & Kawai, 1967) , basal ganglia (Sugita et al., 1991) , neocortex (Hasselmo & Bower, 1992; Williams & Constanti, 1988) , and biochemically by using synaptosomal preparations (Meyer & Otero, 1985; Raiteri, Marchi & Paudice, 1990 ). Br6cher, Artola and Singer (1992) and Kenan-Vaknin et aL (1992) recently reported the muscarinic suppression of EPSPs in the rat visual cortex. This was further supported by the present more systematic experiments. Although the nicotinic action on the visual cortical neurons was reported (Parkinson, Kratz & Daw, 1988) , the cholinergic suppression of the cortical synaptic transmissions in the present preparation was attributed to the muscarinic receptor for the following two reasons: the suppression was blocked by atropine, but not by nicotinic antagonists; and nicotine had no action.
Carbachol depressed EPSPs of a fast time-course, most of which are presumably thalamo-cortical and cortico-cortical EPSPs. Glutamate is considered to m~-diate fast EPSPs at thalamo-cortical excitatory synapses (Baughman & Gilbert, 1981) . In fact, EPSPs with the fast time-course elicited by stimulation of either the white matter or a surrounding cortical field were selectively abolished by glutamate blockers, kynurenate or DNQX with D-APV. Therefore, the fact that the glutamate-induced depolarization was not depressed but rather potentiated by carbachol strongly suggests that the site of muscarinic suppression of the fast EPSP is presynaptic. The presence of muscarinic m2 receptors was identified at the presynaptic axon terminals of asymmetric synapses in the monkey visual cortex by electron microscopy (Mrzljak, Levey & Goldman-Rakic, 1993) . Moreover, a depolarizing IPSP of a fast timecourse and a hyperpolarizing IPSP of a slow time-course were also markedly depressed by carbachol. They are most likely mediated by GABAA and GABAB receptors respectively. In the present experiments, the GABAinduced depolarization, which was the most consistent response to focally applied GABA (see Luhmann & Prince, 1991) , was not reduced by carbachol perfusion. Therefore, the cholinergic suppression of the IPSPs at least of the fast time-course is not on the postsynaptic neuron but of presynaptic nature. Since the fast 1PSP in Fig. 4 was elicited by GABAergic interneurons directly activated by electrical shocks under the presence of a glutamate blocker, these GABAergic neurons must be the target of the cholinergic effect. In the physiological situation, however, cholinergic suppression of the glutamatergic inputs to the GABAergic interneuron could also reduce the driving activity of the fast IPSPs, which would further contribute to attenuation of the IPSP. Further investigation is needed for quantitative analysis of the suppression of the excitatory and inhibitory transmissions. From electron microscopic investigation combined with immunocytochemistry for a cholinergic neuronal marker, choline acetyltransferase (CAT), it was reported that postsynaptic elements of the cholinergic synapses, opposed to CAT-containing elements, are most frequently observed on small-to medium-sized dendritic shafts of unidentified cell types in the rat motor and somatic sensory cortices and the cat striate cortex (De Lima & Singer, 1986; Houser, Crawford, Salvaterra & Vaughn, 1985) . Cholinergic synapses on dendritic spines and on somata were also observed in a few occasions, but the axo-axonic type of cholinergic synapses, which would be expected for the muscarinic presynaptic modulation as suggested in the present study, were not described in these studies. Considering these observations, the muscarinic presynaptic modulation may be operated by the "volume transmission" mechanism (Herkenham, 1991) , in which released ACh travels some distance to muscarinic receptors on nearby nerve terminals.
Influence on the compound synaptic activities
Having observed the basic muscarinic actions, it is interesting to know the overall effects of the cholinergic modulation on the cortical neuronal activity. The two experimental paradigms used in the present study seem appropriate for that purpose because they represent one step more complex conditions than simple synaptic activation. In the experiment of Fig. 7 , single electrical shocks to the white matter with a high intensity was combined with a long depolarizing pulse which can correspond to tonic excitatory synaptic inputs to the recorded neurons in in situ conditions. Carbachol showed bimodal effects; diminution of excitation immediately after the stimulation, and enhancement of AP firing during the following long period. As possible mechanisms of muscarinic excitatory modulation at the postsynaptic site, the muscarinic effect to decrease firing accommodation, i.e. to reduce potassium currents underlying after-hyperpolarizations (see McCormick, 1989) , is likely to contribute to the excitatory action observed in the present study. But it was also shown that a muscarinic suppression of IPSPs has significant importance to potentiate the firings. In particular, the depression by CCh of the long-lasting hyperpolarizing IPSP seems most effective to remove its long and strong shunting effect which keeps the membrane potential below the firing threshold.
In the other example, excitation evoked by tetanic stimulation was markedly augmented by focal application of carbachol. Here too, it is reasonable to consider the contribution of disinhibition due to the muscarinic suppression of IPSPs. It is widely recognized that tetanic stimulation can cause an exaggerated excitation once GABAergic inhibition is blocked by bicuculline. CCh potentiated the glutamate-induced response, possibly its NMDA component (Markram & Segal, 1990) at the postsynaptic site as mentioned in the result [ Fig. 6 (top)I, while CCh suppresses EPSPs presynaptically. Br6cher et al. (1992) described that concomitant actions of muscarinic and noradrenergic agents enhanced excitation of visual cortical neurons when triggered by tetanic stimulation of the white matter. The enhanced excitation in their result and the present result in Fig. 8 resemble very closely, although they used both muscarinic and adrenergic agonists simultaneously while only the muscarinic agonist was applied in the present study. They attributed this effect to the activation of NMDA receptors. On the other hand, a muscarinic activation of a prolonged post-excitation after-depolarization in other cortical areas was described by Andrade (1991) , and Constanti and Bagetta (1991) . These postsynaptic actions are also likely to participate in the muscarinic excitatory modulation under the tetanic stimulation. Considering these findings altogether, the prolonged enhancement of excitability is possibly understood by the composite mechanisms, i.e. depolarizations due to EPSPs and direct muscarinic excitatory actions (probably to decrease K ÷ conductances) trigger muscarinic activation of the postexcitation after-depolarization and the voltage-dependent activation of NMDA receptors. Activation of these currents induce further depolarizations and bursting. In order to advance each step along this cascade, however, the disinhibitory action of the muscarinic modulation seems indispensable to allow the cell to gain sufficient depolarizations. Since both the fast and slow GABAergic IPSPs are powerfully functioning in the cortex, they usually keep the cell subthreshold from voltagedependent activation of the post-excitation afterdepolarizing current or of the NMDA receptor. The consideration above is consistent with the idea, first suggested by Krnjevib for the muscarinic modulation on the CNS neural network, that in spite of acetylcholine's effect to suppress both excitatory and inhibitory inputs to cortical neurons, it potentiates the excitatory influence as a whole (Krnjevi6, 1984) . Although it remains to be further determined how much extent the pre-and postsynaptic mechanisms contribute to this excitatory influence of muscarinic modulation and how they interact each other, the disinhibitory type of modulation seems to play a major role in the cortex where the GABAergic inhibition is functioning quite effectively.
Relevance to physiological functions
The physiological role of the muscarinic modulation has been studied in in vivo experiments. In the cat visual cortex (Sato et al., 1987; Sillito & Kemp, 1983) , iontophoretically applied acetylcholine augmented the responses to visual stimulation in a majority of neurons. Sato et al. (1987) also reported that ACh decreased the orientation specificity and eye preference. There are several lines of evidence that GABAergic inhibition is essential to form the selectivity of responses to the visual stimulation (Sillito, 1984) . The present result of the cholinergic suppression of the inhibitory transmission may explain the mechanism of the loss of orientation specificity observed in vivo.
Another possible contribution of the muscarinic modulation of the cortical neuronal activity is to the synaptic plasticity particularly during development of cortical neuronal circuits. It is now widely accepted that long-term potentiation (LTP) is an experimental model of the synaptic plasticity and that activation of synaptic inputs and a simultaneous large depolarization of postsynaptic neurons are necessary to induce LTP. However, GABA antagonists have often been used to establish this condition particularly in the visual cortex (Artola & Singer, 1987; Kimura, Nishigori, Shirokawa & Tsumoto, 1989) . Considering the present result that carbachol leads the cell to excite more vigorously due to disinhibition, it is reasonable to expect that the cholinergic modulation mimics the disinhibition caused by GABA blockers and facilitates the establishment of LTP. If so, this is compatible with the idea presented by Singer et al, that acetylcholine together with noradrenaline is involved in the visual cortical plasticity of ocular dominance column shift in the kitten (Bear & Singer, 1986; Br6cher et al., 1992) . The muscarinic modulation of synaptic transmission can thus be one candidate for the cellular mechanism of the developmental plasticity in the visual cortex.
